Abstract: A library of 19 novel 4-(4-phenylpiperazine-1-yl)benzamidines has been synthesized and evaluated in vitro against Pneumocystis carinii. Among these compounds, N-ethyl-and N-hexyl-4-(4-phenylpiperazine-1-yl)benzamidines emerged as the most promising compounds, with inhibition percentages at 10.0 µg/mL of 87% and 96%, respectively. Those compounds remained active at 0.1 µg/mL.
Introduction
Pneumocystis jirovecii pneumonia is a fungal disease that affects immunodeficient individuals and remains an important cause of mortality in AIDS infected persons [1] . The parasite does not respond to classical antifungal therapy, but it is sensitive to some antiprotozoal medicines [2] . Currently, available anti-Pneumocystis drugs are limited by significant problems of efficacy, toxicity and emerging resistance. Classical treatments to cure the disease include the well-known trimethoprimsulfamethoxazole association (TMP-SMX; Bactrim Figure 1 ). Among those medicines, pentamidine remains the most effective drug to cure Pneumocystis pneumonia. However major side effects [1] and a poor bioavailability limit its use.
From a structural point of view, pentamidine (1, Figure 1 ) can be considered as a bisbenzamidine derivative in which both benzamidine moieties are linked by a highly flexible pentyldioxy chain. The structural simplicity of the molecule and its efficacy have encouraged some laboratories [3] [4] [5] [6] to prepare original analogues with the hope to design more efficient and less toxic agents. In previous work [7, 8] we demonstrated that 4, 4'-(1,4-piperazinediyl)bisbenzenecarboximidamide (2, Figure 1 ) is a promising candidate characterized by an in vitro IC 50 of 2.61 µM against P. carinii (the ratassociated specie) and exhibiting no in vitro cytotoxicity. In addition, we observed that the introduction of alkyl substituents on the nitrogen atoms of the amidine functions of 2 could increase up to 1,000 fold the activity of the parent compound [7, 8] . The mechanism of action of pentamidine and other bisbenzamidines analogues remains unclear. Because bisbenzamidines were shown to bind to the minor groove of DNA [9] [10] [11] , it was initially thought that the anti-Pneumocystis properties were linked to the parasite replication. However derivatives exhibiting high anti-P. carinii activity and a poor affinity for DNA binding have already been identified. A mitochondrial toxicity has been postulated since it has been shown that same bisbenzamidines, including pentamidine, could form complexes with heme [12] .
In order to gain insight into Structure Activity Relationships (SAR) of bisbenzamidines, we decided to prepare a library of monobenzamidines structurally related to compound 2 ( Figure 2 ) and to evaluate their biological behavior against P. carinii. 
Results and Discussion

Chemistry
The first step in the preparation of such compounds is the nucleophilic displacement of the fluorine atom in 4-fluorobenzonitrile by the secondary amine function of 4-phenylpiperazine in refluxing DMA in the presence of K 2 CO 3 as a base (Scheme 1). This step could advantageously be performed in a laboratory microwave oven so that reaction time can be reduced from 5 hours to 60 minutes.
Conversion of the nitrile compound 3 into the amidines 5-23 was effected by the Pinner reaction [13] , whereby a solution of compound 3 in dichloromethane saturated with gaseous hydrochloric acid was treated with methanol to afford the imidate intermediate (Scheme 1). This compound was finally reacted with the appropriate amine to give analytically pure amidines. Table 1 contains the results of the in vitro evaluation of pentamidine 1, compound 2, and the benzamidines 5-23 against P. carinii. Analysis of the data indicated that all compounds retain an antifungal activity at a concentration of 10 µg/mL, with inhibition percentage ranging from 56% to 96%.
Biological evaluation
At a low concentration of 0.1 µg/mL, the results are more contrasted. At that concentration, the data suggest that the activity was dramatically dependent on the nature of the substituent on the amidine function, as previously described in the bisbenzamidine series [3, 4] . In particular, we observed that the presence of an arylalkyl substituent on the amidine function (compounds 19-23) led to a loss of the antifungal activity. Among the other derivatives, the most active compounds were those bearing a linear alkyl group of 1, 2, 3, or 6 carbon atoms (compounds 6-8; 15). Whereas piperazine-1,4-bisbenzamidine (compound 2) and most of its N-alkyl substituted congeners previously studied were at least as efficient as pentamidine (compound 1), the situation is a little bit different in the monobenzamidine series described in the present work. Indeed, all derivatives are less active than pentamidine. Starting from the unsubstituted compound, introduction of an alkyl chain of increasing length on the amidine function leads to a modulation of the anti-Pneumocystis activity, with a maximum of activity observed in the case of ethyl and hexyl substituents. Interestingly, compounds bearing an alkyl chain constituted by 7, 8, or 12 carbon atoms are not active against the fungus, contrary to the bisbenzamidine series. Mention should also be made that in the bisbenzamidine series as well as in the monobenzamidine series, the N-hexyl substituted candidates emerged among the most promising substances. That can tentatively be attributed to a favorable compromise between the hydrophilic properties of the amidine function(s) and the lipophilic character of the alkyl chain(s). Contrary to the observation made in the bisbenzamidine series, the substitution of the amidines group by an alkyl ramified chain led to a loss of the antifungal activity, except for the analogue bearing a 1-ethylpropyl substituent.
Experimental
General
1 H-NMR spectra were obtained using a Bruker AMX instrument (300 MHz), chemical shifts (δ) are given in ppm using TMS as internal reference. The following abbreviations are used: br for broad, s for singlet, d for doublet, t for triplet, q for quadruplet, and m for multiplet. IR spectra were recorded on a Perkin-Elmer FTIR 1760K. Microwave synthesis were performed in a Milestone Multisynth® oven. Solvents, reagents, and pentamidine (1) were commercially available (Aldrich, Alfa Aesar, Acros Organics) and were used without further purification. Compounds 2 [14] and 3 [15] have been described in the literature. Elemental analyses were performed at the Centre Wallon de Recherches Agronomiques (Libramont-Chevigny, Belgium) or at the Laboratoire de Microanalyse Organique of the Institut des Sciences Appliqués de Rouen (France).
General procedure for the preparation of compound 3 under microwave irradiation
A mixture of 4-fluorobenzonitrile (2.5 mmol; 0.30 g) and 1-phenylpiperazine (2.5 mmol; 0.38 mL; 0.41 gr) in DMA (2.50 mL) in the presence of K 2 CO 3 (2.5 mmol; 0.35 g) was heated 60 minutes at 140 °C in a Multisynth® oven (Milestone) operating at 300 watts. After cooling, the solution was poured into ice cold water and the precipitate was filtered and washed with water and ethanol.
General procedure for the preparation of compounds 4-23
A mixture of 4-(4-phenylpiperazine-1-yl)benzonitrile (3, 10 mmol, 2.66 g) in dichloromethane (250 mL) and methanol (25 mL) was saturated with HCl gas and the reaction medium was left at room temperature for 24 hours. The precipitate was filtered and thoroughly washed with ether. Without further purification the crude imidate 4 (3 mmol, 1.0 g) was treated with the appropriate amine in refluxing methanol for 1 hour. A precipitate was obtained either by cooling or by addition of ether. (6) . Prepared by treatment of the crude compound 4 with methylamine (15 mmol, 1.8 mL of an ethanolic solution at 33%) in ethanol (10 mL) at reflux for 1 hour. After cooling, the precipitate obtained by addition of ether was filtered and washed with water. Yield: 57%. M. 
4-(4-
Phenylpiperazine
N-Methyl 4-(4-phenylpiperazine-1-yl)benzenecarboximidamide hydrochloride salt
N-Butyl 4-(4-phenylpiperazine-1-yl)benzenecarboximidamide hydrochloride salt (10
Conclusions
In summary, a library of 19 monobenzamidines linked on a 4-phenylpiperazine-1-yl scaffold has been synthesized and evaluated in vitro against Pneumocystis carinii. As in a series of bisbenzamidine analogues, the antifungal activity can easily be modulated by the introduction of appropriate alkyl substituents on the amidine function. However at the lowest concentration (0.1 µg/mL) we evaluated those monobenzamidines, only two derivatives (compounds 7 and 15) exhibited a percentage of inhibition on the growth of P. carinii higher than 50 %. Nevertheless the monobenzamidines reported in this work are obviously less active than pentamidine and other bisbenzamidines already tested. That suggests that the presence of both amidine groups are required to observe a marked anti-P. carinii effect.
